Abstract. Hepatocyte growth factor (HGF), acting through the c-Met receptor, plays an important role in solid tumors. Various malignant cells utilize the biological actions of the HGF/c-Met pathway for their dissociative, invasive and metastatic behaviors. HGF also binds to the receptor expressed on endothelial cells that stimulates angiogenesis, a process critical to continued growth of solid tumors. It is known that HGF induces in vitro expression of vascular endothelial growth factor (VEGF), a key agonist of tumor angiogenesis. In the present study, we showed using in vitro co-culture system with fibroblasts that VEGF expression of CT26 cells was amplified through tumor-stromal interaction, i.e., the HGF paracrine loop. This action was inhibited by interruption of the HGF paracrine loop by gene transfer of NK4, an HGF antagonist. In in vivo experiments, CT26 tumor growth and angiogenesis were markedly enhanced by fibroblast co-inoculation, while the effect of fibroblasts was not observed in NK4-expressing CT26 cells. These findings suggest that NK4 exerted potent anti-angiogenic action via indirectly inhibiting VEGF expression of tumor cells in addition to direct effects on endothelial cells. Thus, the HGF/c-Met pathway may be a considerable candidate for molecular targeting strategy against tumor angiogenesis.
Introduction
Hepatocyte growth factor (HGF) and its receptor, c-Met, regulate a wide variety of cellular functions. HGF was originally identified and cloned as a mitogenic polypeptide for hepatocytes (1) . Subsequent studies revealed that HGF-induced c-Met tyrosin kinase activation is involved in multiple biological effects, including mitogenic, motogenic, morphogenic and anti-apoptotic activities (2) (3) (4) (5) . In tumor tissues, however, various malignant cells express c-Met receptor and utilize the biological actions of HGF/c-Met pathway for their dissociative, invasive and metastatic behaviors (6) (7) (8) (9) . HGF also binds to the receptor expressed on endothelial cells that stimulates angiogenesis, a process critical to continued growth of solid tumors (5, 10) .
In vivo tumor growth is enhanced by the coexistence of stromal fibroblasts. Host stromal-derived factor is a key molecule that enhances progressive potential of tumor cells. In several types of cancer, the HGF/c-Met pathway is regulated through the paracrine loop (11) . Tumor cells secrete a variety of HGF-inducers, such as interleukin-1, basic fibroblast growth factor (bFGF), platelet-derived growth factor, transforming growth factor-α and prostaglandin E2, through which HGF production from stromal fibroblasts is upregulated (12) . These observations suggest a mutual interaction between tumor cells and stromal fibroblasts; tumor cells secrete HGF-inducers for stromal cells, while stromal cells secrete HGF that may stimulate tumor growth and angiogenesis.
NK4, a product of proteolytic digestion of HGF, has been identified as a competitive antagonist for HGF and c-Met receptor and inhibits HGF-induced c-Met tyrosine phosphorylation (13) . Furthermore, subsequent studies showed that NK4 has bifunctional actions to suppress not only HGF/c-Met-dependent tumor progression and angiogenesis but also HGF/c Met-independent angiogenesis induced by bFGF and vascular endothelial growth factor (VEGF) (14, 15 (16, 17) . We previously demonstrated that HGF/c-Met pathway activation in CT26 tumor cells promoted HGF-inducers and subsequent stroma (fibroblast)-derived HGF secretion, resulting in amplifying HGF paracrine loop (18) . Furthermore, some authors have shown that HGF stimulates endothelial cells directly and indirectly by facilitating expression of other angiogenic factors, represented by VEGF (19) (20) (21) . Therefore, considering the angiogenic activity of HGF and tumor-stromal interaction, the mechanism of anti-angiogenesis by NK4 seems to be more complicated.
In the present study, we investigated the cooperation of HGF and VEGF in tumor-stromal interaction consisting of HGF paracrine loop using a co-culture system with CT26 tumor cells and fibroblasts and we described in vivo tumor anti-angiogenic activities of NK4 in detail.
Materials and methods
Cell lines and culture. CT26 is an undifferentiated colon adenocarcinoma cell line originally derived by intrarectal injections of N-nitroso-N-methylurethamine in a female BALB/c mouse. The genetic modification of CT26 to produce NK4 was previously described (18) . The transfectant expressing the highest amount of NK4 was designated as CT26-NK4. Cells transfected with the neomycin-resistance gene (pSVneo) alone were used as a control (CT26-NEO). Primary mouse fibroblasts were obtained from dermal tissues in culture where fibroblasts initially proliferated outward from the tissues.
The CT26 transfectants and the fibroblasts were maintained in RPMI-1640 and MEM (both from Nacalai Tesque, Kyoto, Japan), respectively, supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin (Sigma, Welwyn Garden, UK) and 10% heat-inactivated fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA) at 37˚C in a humidified atmosphere containing 5% CO 2 .
Determination of murine VEGF and HGF in a separate co-culture system. To evaluate regulation through soluble factors released by cancer cells and fibroblasts, each well of a 24-well plate was divided into two compartments using inner wells with 8 µm pores (Cell Culture Insert; BD Falcon, Franklin Lakes, NJ, USA). Mouse fibroblasts were plated on 24-well culture plates at a density of 1x10 5 cells/well and were cultured for 24 h. After replacing fresh media, tumor cells were seeded at 5x10 4 cells on each inner well and co-cultured for 24 h. Cells were subsequently given fresh media with 0.2% FBS and were co-cultured for a further 32 h. The cultured supernatants were collected every 8 h and the concentration of murine VEGF and HGF was determined by ELISA (VEGF; R&D Systems, Minneapolis, MN, USA) (HGF; Institute of Immunology Co., Tokyo, Japan) according to the manufacturer's instructions. For time course analysis of VEGF or HGF secretion in the separate co-culture system, the cultured supernatants were collected 8, 16, 24 and 32 h after replacing fresh media with 0.2% FBS.
Real-time polymerase chain reaction analyses. Total RNA was isolated from tumor cells (the inner chamber) in the separate co-culture system using RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The PCR primers used were: VEGF-A, 5'-CTGGAT ATGTTTGACTGCTGTGGA-3' (sense) and 5'-GTTTCTGG AAGTGAGCCAATGTG-3' (anti-sense). For normalization, the 18S ribosomal protein served as the housekeeping gene. Rps18, 5'-TTCTGGCCAACGGTCTAGACAAC-3' (sense) and 5'-CCAGTGGTCTTGGTGTGCTGA-3' (anti-sense). Real-time RT-PCR was performed with a LightCycler1.5 (Roche, Basel, Switzerland) using SYBR-Green I (Qiagen). The RT-PCR protocol consisted of a 50˚C reverse transcription step for 20 min and 95˚C PCR initial activation step for 15 min followed by 40 cycles with a 94˚C denaturation for 15 sec, 60˚C annealing for 30 sec, 72˚C extension for 30 sec. To confirm specific amplification, the PCR products were subjected to a melting curve analysis. The results of real-time RT-PCR were normalized with Rps18 and expressed as the relative value of control (CT26-NEO alone). Relative expression levels were calculated with the ∆∆Ct method. Repeated experiments were performed for two or three times and similar results were obtained.
Animal experiments. Eight-week-old BALB/c female mice were purchased from Shimizu Laboratory Animal Center (Kyoto, Japan). All mice were maintained under specific-pathogen-free conditions. To generate in vivo tumors, 5x10 5 cells of CT26-NEO or CT26-NK4 with/without 1x10 6 cells of primary mouse fibroblasts co-cultured for 24 h were inoculated subcutaneously (s.c.) into syngeneic BALB/c mice in the right lower flank (n=10 for each group). Two perpendicular diameters of resulting tumors were measured every 2-3 days using a caliper. Tumor volumes were calculated using the formula, tumor volume (mm 3 ) = 0.52 x (width) 2 x (length). The investigation protocols were approved by the Ethics Committee of Kyoto Prefectural University of Medicine. The mice were sacrificed by excess administration of general anesthesia before the tumor weight exceeded 1/3 of body weight.
Immunohistochemistry. BALB/c female mice were euthanized 14 days after the s.c. co-inoculation mentioned above. Tissues were fixed in 10% neutral-buffered formalin, embedded in paraffin. For staining of microvessels, tissue sections fixed in 10% formalin were subjected to immunostaining with a rat antibody against mouse CD31 (platelet endothelial cell adhesion molecule, or PECAM-1; Pharmingen, San Diego, CA, USA). The microvessel density was evaluated by counting CD31-positive vessels using a light microscope at 200-fold magnification in ≥10 randomly selected fields at the periphery of each section.
Statistical analysis. Statistical evaluation was performed with the two-tailed Student's t-test unless mentioned otherwise in the text. Differences with a P-value of <0.05 were considered statistically significant.
Results
VEGF and HGF secretion induced by a separate co-culture system with fibroblasts. To investigate whether mutual tumor-stromal interaction induces VEGF expression, we determined VEGF concentration of separately co-cultured supernatants. As shown in Fig. 1A , fibroblasts alone secreted little VEGF, indicating that VEGF in co-cultured supernatants was derived from CT26 cells. VEGF secretion of CT26 transfectants increased time-dependently and was enhanced by separate co-culture with fibroblasts. The concentration of VEGF in CT26-NK4 was clearly lower than that in CT26-NEO. NK4 gene transfer strongly inhibited VEGF secretion of CT26 cells even in the co-culture system with fibroblasts. This suggested that soluble mediators, which were enhanced in the presence of fibroblasts, promoted VEGF secretion of CT26 cells through tumor-stromal interaction, and one of the soluble mediators seemed to be HGF, as VEGF secretion was suppressed by NK4, an HGF antagonist.
We then examined HGF concentration in the separate co-culture system. As shown in Fig. 1B, CT26 transfectants scarcely produced HGF, indicating that HGF in the co-culture system was derived from fibroblasts. The HGF production from fibroblasts increased time-dependently and was enhanced by co-culture with CT26-NEO. However, NK4 gene transfer suppressed HGF production down to the same level as that in fibroblasts alone. This result was similar to our previous study that demonstrated an obviously inductive effect when the conditioned media from CT26 transfectants were added to primary-cultured fibroblasts (18) . VEGF mRNA expression induced by a separate co-culture system with fibroblasts. We evaluated VEGF mRNA expression of CT26 transfectants in the co-culture system by real-time RT-PCR. VEGF mRNA of CT26-NEO in a co-culture system with fibroblasts was evidently higher than that of CT26-NEO alone. On the other hand, VEGF mRNA expression of CT26-NK4 was inhibited as compared to that of control. Although fibroblasts promoted VEGF mRNA expression of CT26-NK4, the change was smaller than that of CT26-NEO (Fig. 2) . The changes of VEGF secretion in cultured supernatants were supported at the mRNA level of the tumor cells. Fig. 3 shows the growth curves of CT26-NEO and CT26-NK4 with/without fibroblast co-inoculation. CT26-NEO tumor growth was markedly enhanced by fibroblasts, while the effect of fibroblast co-inoculation was not observed in CT26-NK4. This result revealed that NK4 gene transfer blocked the enhancing effect of fibroblasts on in vivo CT26 s.c. tumor growth.
Tumor growth kinetics induced by co-inoculation with fibroblasts.

Implanted tumor vascularity induced by co -inoculation with fibroblasts.
We next examined whether co-inoculation with fibroblasts would promote angiogenesis of homografts. Similar to our previous study, the microvessel density of CT26-NK4 homografts was evidently lower than that of CT26-NEO. Co-inoculation of CT26-NEO with fibroblasts showed a significant increase in microvessel density as compared with CT26-NEO cells alone, however, this effect was not observed in CT26-NK4 (Fig. 4) . Thus, NK4 gene transfer completely canceled the enhancing effect of co-inoculation with fibroblasts on CT26 tumor vascularity. 
Discussion
In the present study, we found that tumor angiogenesis involved co-operation between HGF and VEGF in CT26 tumor cells and tumor-stromal interaction consisting of the HGF paracrine loop intricately. Furthermore, we gained understanding of the importance of fibroblasts in tumor angiogenesis. Recent studies have shown that interactions between tumor and stromal cells create a unique microenvironment that is essential for tumor growth (22, 23) . Tumor stroma contains several types, such as activated fibroblasts, endothelial cells, and inflammatory cells including macrophages. It has become clear that activated fibroblasts in cancer stroma are prominent modifiers of tumor progression.
It has been reported that normal fibroblasts inhibit cancer progression (24) . The transdifferentiation of fibroblasts into cancer-associated fibroblasts is modulated by cancer cell-derived cytokines, such as transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), and bFGF (25) (26) (27) , which have been identified as HGF inducers (12, 28) . Therefore, we used the fibroblasts activated by pre co-culture with CT26 cells in both our in vitro and in vivo studies. In the in vitro separate co-culture system, fibroblast-derived HGF secretion was verified to increase time-dependently as compared with fibroblast alone. Our previous study revealed that the HGF/c-Met pathway activation promoted secretion of HGF inducers and subsequent fibroblast-derived HGF. Collectively, the results of our in vitro studies may demonstrate the process of CT26 tumor progression mediated by HGF paracrine loop that is amplified like a malignant cycle. On the other hand, HGF promoted by paracrine loop amplification naturally acts not only on tumor cells but also on endothelial cells and induces angiogenesis. In fact, serum HGF level and/or c-Met expression on tumor cells are reported to correlate tumor vascularity with clinical prognosis (29, 30) .
Similar to fibroblast-derived HGF, tumor-derived VEGF was also promoted in the separate co-culture system with fibroblasts. HGF/c-Met pathway activation is reported to induce the VEGF expression in cancer cells in addition to stimulating endothelial cells to proliferate and migrate, inducing blood formation (21, 31) . We also previously showed in an in vitro study using the CT26 transfectants that VEGF expression was induced by HGF and this action was effectively inhibited by anti-HGF neutralizing antibody and HGF antagonist NK4. Furthermore, we have revealed that tumor-derived VEGF expression also decreased in in vivo CT26 tumor and this action involved HIF-1α synthesis through HGF/c-Met pathway downstream; PI3K, MAPK, STAT3 signaling (32) . From these findings, HGF amplified by malignant cycle of the paracrine loop possibly stimulates endothelial cells directly and indirectly via increased secretion of tumor-derived VEGF, resulting in accelerating tumor angiogenesis. Therefore, interruption of the malignant cycle may hold the key to exert anti-angiogenesis for VEGFexpressing and c-Met positive cancer. In in vivo experiments of the present study, NK4 gene transfer completely blocked angiogenesis and tumor growth which were enhanced by co-inoculation with fibroblasts.
Since angiogenesis is critical for tumor growth, increased angiogenesis coincides with increased tumor cell entry into blood circulation and thus facilitates metastasis (33) . Therapeutic approaches using angiogenesis inhibitors have received much attention. NK4, an HGF antagonist, is also known to have anti-angiogenic activity, which is independent of its activity as an HGF antagonist (15) . Accumulating evidence has shown that NK4 suppresses primary tumor growth predominantly through inhibition of tumor angiogenesis. Our results showed that fibroblast-derived HGF and tumor-derived VEGF, induced by co-culture of CT26 cells with fibroblasts, were inhibited by NK4 gene transfer. This was due to interruption of the malignant cycle of the HGF paracrine loop by blockade of the HGF/c-Met pathway; that is, the activity of NK4 as an HGF antagonist. Furthermore, the findings in our in vivo study are consistent with previous studies. Thus, antiangiogenesis strategy by NK4 is expected to exert additional effects on c-Met positive tumor grown up depending on HGF paracrine loop through intricate tumor-stromal interaction (Fig. 5) .
In conclusion, we have demonstrated that the HGF/c-Met pathway regulated VEGF expression of CT26 cells through the HGF paracrine loop. For anti-tumor strategy, the interruption of HGF paracrine loop by NK4 possibly exerts potent anti-angiogenic activity via inhibition of tumor-derived VEGF expression in addition to the previously reported mechanisms, such as suppression of endothelial cell proliferation by antagonizing HGF/c-Met pathway or blockade of intracellular signaling downstream of VEGF and bFGF. Therefore, the HGF/c-Met pathway may be a significant candidate for molecular targeting strategy against tumor angiogenesis. 
